Case: A patient presenting with an infected diabetic foot ulcer and Staphylococcus aureus chronic osteomyelitis was studied to validate the clinical importance of bacterial colonization of osteocytic-canalicular networks, as we recently reported in a mouse model. We utilized transmission electron microscopy to describe the deformation of S. aureus, from round cocci to rod-shaped bacteria, in the submicron osteocytic-canalicular networks of amputated bone tissue.
canalicular system in human bone, which supports a new mechanism of persistence in the pathogenesis of chronic osteomyelitis.
I t is well established that patients with long-term diabetes, peripheral polyneuropathy, and ischemia are at risk for the development of foot ulcers, which often become infected 1 . Approximately 25% of patients progress from superficial skin ulcers to bone infections, resulting in a diagnosis of chronic osteomyelitis, with an amputation rate of 10% to 30% 2 . While these infections are generally polymicrobial, Staphylococcus aureus is frequently identified as the pathogen that is most difficult to eradicate because of the development of methicillin-sensitive S. aureus (MSSA) and methicillin-resistant S. aureus (MRSA) strains. Despite extensive antibiotic treatment and surgical debridement, approximately 20% to 30% of patients have recurrent infections 2 . Determining how S. aureus remains persistent, despite these rigorous treatment protocols, has led researchers to examine chronic osteomyelitis biofilm formation using transmission electron microscopy (TEM). In vitro TEM studies have examined S. aureus invasion infection of embryonic chicken calvarial and human osteoblasts 3, 4 ; in vivo studies have confirmed the viability status of bacteria within embryonic chicken and human osteoblasts 4, 5 . To our knowledge, only 1 patient with a TEM study after a surgical case of chronic osteomyelitis has been described in the literature; this case revealed intracellular bacteria within osteocytes 6 . Collectively, these studies have led researchers to conclude that in vivo S. aureus sequestration and survival within bone cells serves as the most likely reservoir for reinfection. Recently, de Mesy Bentley et al. published a comprehensive TEM study from an in vivo mouse implant model of S. aureus osteomyelitis, which documented bacterial invasion into the osteocytic-canalicular system 7 . In contrast to the established morphology of S. aureus, which is known to be cocci 1.0 to 1.5 mm in diameter, this study's TEM imaging revealed deformed, rod-shaped bacteria occupying and proliferating within the narrow submicron spaces (0.2 to 0.4 mm in diameter) of the canaliculi. To explain these unprecedented observations, we concluded that S. aureus invasion into the osteocytic-canalicular system utilized previously unknown mechanisms, including haptotaxis, durotaxis, and "motility by division," to deeply invade live cortical bone. Because these novel findings have been documented only in an experimental animal model of osteomyelitis, their clinical relevance was unknown. Thus, we performed TEM on retrieved bone tissue from patients who underwent minor amputations of the distal phalanges because of infected diabetic foot ulcers that were culture-positive for S. aureus. Positive findings from 1 of the 3 cases are presented herein.
The patient was informed that data concerning the case would be submitted for publication, and he provided consent. In February 2016, the patient presented with a new infected open wound at the tip of the right fourth hammer toe. The wound showed purulent drainage and direct communication with the distal phalanx. He was placed on a 2-week course of oral cephalexin. Two weeks after the completion of the antibiotic treatment, the right fourth toe showed worsening signs of infection (increased erythema and purulence), which prompted us to proceed with surgical intervention. He had palpable pulses of the dorsalis pedis and posterior tibial arteries, and sensation was diminished throughout the right foot. Presurgical laboratory values revealed an HbA1c of 6.3% (normal, 4% to 6%), an erythrocyte sedimentation rate of 13 mm/hr (normal, 0 to 20 mm/hr), a white blood-cell count of 10 · 10 3 /mL (normal, 4.2 to 9.1 · 10 3 /mL) with a normal differential, and a C-reactive protein level of 45 mg/L (normal, 0 to 10 mg/L). We made a clinical diagnosis of osteomyelitis of the distal phalanx of the right fourth toe based on the medical and surgical history, active purulent drainage, and a positive "probe-to-bone" test. Radiographs of the right foot demonstrated general osteopenia and clawing of the fourth toe ( Fig. 1-A) , with osteolysis at the tip of the distal phalanx ( Fig. 1-B) . The distal portion of the phalanx was amputated, and the wound culture specimen was MSSA positive.
Light Microscopy and TEM Methods
The tissue of the amputated distal phalanx of the fourth toe was divided and fixed for paraffin embedding in 10% formalin, and for TEM fixation using 2.5% glutaraldehyde and 4.0% paraformaldehyde in a 0.1M-sodium cacodylate buffer for 24 hours. Both specimens were decalcified in 14% ethylenediaminetetraacetic acid (EDTA).
The decalcified bone destined for TEM imaging was postfixed in buffered 2.0% osmium tetroxide, dehydrated in a graded series of ethanol solutions, infiltrated, and subsequently embedded into EPON-Araldite epoxy resin for polymerization at 60°C for 48 hours. To search for areas within the embedded bone tissue that were infected with S. aureus, light microscopy was used and 1-mm sections stained with toluidine blue were examined. Once areas of dark-blue stained bacteria were identified, the block face was thin-sectioned using an ultramicrotome and a diamond knife to produce thin sections that were 70 nm thick for mounting onto formvar/carbon-coated nickel slot grids. The uranyl acetate and lead citrate-stained grids were examined under a Hitachi 7650 transmission electron microscope. This process was repeated every 5 mm throughout the thickness of the block of tissue to facilitate the finding of osteocytes and/or canaliculi occupied by bacteria.
To classify the bacterial infection in the paraffinembedded bone tissue, we performed a Gram stain on paraffin sections that confirmed gram-positive bacteria.
Treatment
Initially, the patient was treated by the wound care clinic and underwent a 14-day course of oral cephalexin and local wound care. However, over the course of the month, the wound continued to worsen, at which point he was referred to the orthopaedic clinic and deemed a candidate for amputation. Deep wound cultures collected during the operation again Fig. 1 Preoperative radiographs. Fig. 1 -A Anteroposterior view of the right foot and the infected fourth toe tip (arrow) with clawing. Fig. 1 
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demonstrated growth of MSSA. Following amputation, he was placed on amoxicillin/clavulanic acid for 5 days. Additionally, we recommended that he wear custom diabetic orthotics once he was allowed to wear his normal shoes. The wound healed without complications and without requiring additional antibiotic therapy. The patient was followed over a period of 16 months, and there was no recurrence of infection in the remnant of the affected fourth toe. Figs. 2-A through 2-H TEM evidence of bacterial deformation and invasion of the submicron osteocytic-canalicular system. MC = marrow cavity, OC = osteocyte, and N = nucleus. Fig. 2 -A Light microscopy image demonstrating positive Gram-stained bacteria in a section from the paraffin-embedded bone tissue of the fourth toe (·60). Fig. 2 -B From the TEM epoxy-embedded portion of bone, a 1-mm epoxy section stained with toluidine blue reveals dark-blue bacteria scalloping the live bone tissue (red arrow) (note the OCs and black arrows adjacent to the MC) (·60). Fig. 2 -C TEM image of a dead OC and its canaliculus (red arrow), colonized by deformed rod-shaped bacteria (·6,000). Fig. 2-D Higher magnification of the area adjacent to the red arrow in Figure 2 -C reveals the septal plane of the dividing bacteria within the submicron space of the canaliculus (·30,000). Note the asymmetric plane of the 2 daughter cells. Fig. 2 -E High magnification of the osteocyte in Figure 2 -C displaying condensed nuclear debris and round bacteria occupying its lacunar space (·15,000).
Fig. 2-F
Another dead osteocyte's lacuna containing remnants of condensed chromatin bodies and round bacteria (·8,000). Fig. 2 -G A TEM image from thin sections deeper into the bone tissue reveals rod-shaped bacteria within a canaliculus (·6,000). Fig. 2 -H Higher-magnification TEM image of the boxed area in Figure 2 -G measuring submicron-sized deformed and elongated bacteria (·15,000).
Results
Gram staining of paraffin-embedded bone sections confirmed gram-positive bacteria scalloping the bone tissue adjacent to the bone marrow (Fig. 2-A) . Epoxy-embedded bone tissue surveyed by light microscopy using 1-mm epoxy sections stained with toluidine blue revealed areas of dark-blue stained bacterial biofilm also scalloping the inner margin of the bone next to the marrow space (Fig. 2-B) . Additional thin sectioning of these areas that we examined by TEM revealed bacterial invasion of an osteocyte's lacunar space and into its submicron canaliculus (Fig. 2-C, red arrow) . A remarkable finding at the end of this canaliculus was 2 deformed submicron-sized bacteria displaying evidence of septal plane binary fission (Fig.  2-D, red arrow) . A higher magnification of the osteocyte displayed in Figure 2-C (Fig. 2-E ) and a neighboring osteocyte ( Fig. 2-F ) display apoptosis of their nuclei, as well as document bacterial invasion into their lacunar spaces. Additional scrutiny of the same epoxy-embedded block of bone and additional thin sections also revealed deformed rod-shaped bacteria within a submicron canaliculus near the marrow cavity ( Fig. 2-G) . The higher magnification of the boxed area in Figure 2 -G displays the submicron measurement of these rod-shaped bacteria ( Fig. 2-H) .
Discussion
A lthough it has been established that the majority of chronic osteomyelitis cases involve S. aureus infections (monomicrobial or polymicrobial) and that recurrence is common despite aggressive surgical debridement and antibiotic therapy 8 , the unique mechanism that makes these bacteria such a challenging pathogen in bone remains unknown. The recent discovery that S. aureus is able to deform and invade the submicron canaliculi of live cortical bone 7 offers a novel explanation because these bacteria colonize the "red zone" beyond the margins of aggressive debridement and partial amputation. Moreover, the biodistribution of standard-of-care antibiotic therapies may not achieve the minimal inhibitory concentration in infected osteocyticcanalicular networks. Thus, given their clinical importance, we aimed to confirm these experimental findings by performing TEM studies on S. aureus-infected human bone. To our knowledge, we report the first TEM evidence of S. aureus colonization of osteocytic-canalicular networks in a patient with recurrent osteomyelitis. While this case report needs to be substantiated by larger prospective studies, it should be noted that we specifically chose to investigate amputated toe tissue because the costs (money, time, labor) associated with formal TEM interrogation of larger bones (e.g., the tibia and the femur) are prohibitive.
Finally, this identification of a reservoir of bacteria invading deep within bone is most likely why chronic osteomyelitis infections recur. Indeed, reports of S. aureus reactivation 50 to 75 years after the initial infection indicate that a mechanism of slowed growth does occur, and most likely is due to the slow growth of deformed submicron-sized bacteria in the osteocytic-canalicular system [9] [10] [11] . Additional studies of monomicrobially and polymicrobially infected diabetic bone tissue could elucidate whether other species of bacteria invade canaliculi, or whether a heterogeneous bacterial infection modulates the persistence of S. aureus. n
